The recent breakthrough in structural studies on Na + -translocating NADH:ubiquinone oxidoreductase (Na + -NQR) from the human pathogen Vibrio cholerae creates a perspective for the systematic design of inhibitors for this unique enzyme, which is the major Na + pump in aerobic pathogens. Widespread distribution of Na + -NQR among pathogenic species, its key role in energy metabolism, its relation to virulence in different species as well as its absence in eukaryotic cells makes this enzyme especially attractive as a target for prospective antibiotics. In this review, the major biochemical, physiological and, especially, the pharmacological aspects of Na + -NQR are discussed to assess its 'target potential' for drug development. A comparison to other primary bacterial Na + pumps supports the contention that NQR is a first rate prospective target for a new generation of antimicrobials. A new, narrowly targeted furanone inhibitor of NQR designed in our group is presented as a molecular platform for the development of anti-NQR remedies.
Na + AND H + CYCLES IN BACTERIAL ENERGETICS
The 'mainstream' type of bacterial membrane-dependent energy metabolism is based on the transmembrane circulation of protons (the H + cycle) (Mulkidjanian, Dibrov and Galperin 2008; Skulachev, Bogachev and Kasparinsky 2013) . Primary proton pumps expel H + ions from the cytoplasm thus creating the proton-motive force (PMF) that serves as a direct driving force for many vital functions such as ATP synthesis (Müller and Grüber 2003; Walker 2013) , solute accumulation (Konings 2006) , ion exchange (Padan et al. 2001; Padan 2008) , osmotic balance (Harold and Malony 1996) , motility (Berg 2003) or drug efflux via multidrug resistance (MDR) pumps (Putman, van Veen and Konings 2000) . However, a number of species rely on the sodium ion circulation (Na + cycle) rather than the H + cycle (Skulachev 1985; Skulachev, Bogachev and Kasparinsky 2013) . In membranes of these bacteria, primary Na + pumps generate the transmembrane electrochemical gradient of Na + (sodium-motive force, SMF), as shown in Fig. 1 . In some bacteria, for example, free-living Propionigenium modestum, Malonomonas rubra, Caloramator fervidus (Hilpert, Schink and Dimroth 1984; Speelmans et al. 1993; Dimroth and Hilbi 1997) or pathogenic Treponema pallidum ), SMF but not PMF acts as a primary source of membrane-bound energy.
The H + cycle and Na + cycle are not isolated or mutually exclusive. Elements of both may coexist in the same membrane, and such a situation is typical for the great majority of modern bacteria. Secondary sodium pumps, Na + /H + antiporters of different types, which are interconverting PMF and SMF, play an important role in bacterial physiology irrespective of the nature of the primary coupling ion (see Fig. 1 ) (Pinner, Padan and Schuldiner 1994; Dover and Padan 2001; Padan et al. 2001; Brett, Donowitz and Rao 2005; Krulwich, Sachs and Padan 2011; Mager et al. 2011; Resch et al. 2011) . Diverse Na + solute symporters (Reizer, Reizer and Saier 1994; Jung 2002; Konings 2006) and Na + -dependent MDR pumps (Kuroda and Tsuchiya 2009; Kumar et al. 2013 ) are universal components of membranes in microorganisms exploiting the H + or Na + cycle alike. Furthermore, quite a number of modern 'protonic' species possess at least one primary Na + pump (Mulkidjanian, Dibrov and Galperin 2008) . Of note, even the common Escherichia coli is among such species, as it possesses not only an array of SMF consumers and Na + /H + antiporters (Dibrov 1991) , but also an inducible respiratory SMF generator (Harel-Bronstein et al. 1995; Steuber et al. 2000) , apparently a module of the NDH-I complex (Steuber et al. 2000) . Being a NADH:quinone oxidoreductase, this respiratory complex nevertheless is structurally and phylogenetically unrelated to Na + -translocating NADH:quinone oxidoreductase (Na + -NQR). Curiously, the subunits implicated in Na + translocation by NDH-1, namely NuoL, NuoM and NuoN, all exhibit sequence similarity to the electrogenic multisubunit Na + /H + antiporters of the Mrp type (Hamamoto et al. 1994; Dzioba-Winogrodzki et al. 2009 ). Conversely, bacteria possessing a well-developed Na + cycle often exploit H + circulation for selected key functions. For example, the membrane of the halotolerant intestinal pathogen Vibrio cholerae contains two primary sodium pumps, Na + -NQR (Häse and Mekalanos 1999; Barquera et al. 2004; Türk et al. 2004) and anaerobic oxaloacetate decarboxylase, OAD (Dahinden et al. 2005) , a Na + -driven flagellar motor (Bakeeva et al. 1986; Kojima et al. 1999) , an extended battery of Na + /H + antiporters (Vimont and Berche 2000; Dibrov et al. 2005; DziobaWinogrodzki et al. 2009; Resch et al. 2011) , the Na + /phosphate co-transporter (Lebens et al. 2002) , Na + -dependent dicarboxylate Operation of primary pumps swiftly charge the membrane (cytoplasm negative) due to the low electric capacitance of the lipid bilayer. Electrogenic Na + /H + antiporters (exchanging more than one Na + ion per each H + , n > 1) can use the resulting difference of electric potentials ( ψ) in addition to the osmotic component of the PMF, pH, to create a significant transmembrane gradient of Na + . Elements of Na + and H + cycles often co-exist in the same membrane.
transporter (Mulligan et al. 2014) , SMF-driven nucleoside transporter (Johnson, Cheong and Lee 2012) , an array of putative Na + -dependent amino acid symporters and five functional Na + -dependent multidrug efflux pumps belonging to the MATE family (Huda et al. 2001 (Huda et al. , 2003 Begum et al. 2005) . Nevertheless, it relies on the 'conventional' H + -motive F 0 F 1 -ATP synthase for oxidative phosphorylation (Dzioba et al. 2003) .
EVOLUTION OF THE Na + CYCLE

From sodium to proton circulation
Based on the existence of the Na + cycle (represented by the Na + /K + ATPase and Na + /H + antiporter) in the plasma membrane of eukaryotic cells and the widespread use of primary Na + pumps among marine bacterial species on one hand and a direct involvement of H + in core biochemical redox reactions on the other, one could argue that the Na + cycle is both relatively recent and a very fortunate evolutionary breakthrough (Skulachev 1985) . According to this logic, it considerably advanced energy transformation in biomembranes by adding the SMF to PMF as a readily available energetic resource (Skulachev 1985) . It also supposedly enhanced the adaptive potential of the organisms that acquired primary Na + pumps (Skulachev, Bogachev and Kasparinsky 2013) . However, recent advances in metagenomics and the structural studies of ion transporters strongly suggest that the Na + -based membrane energetics actually preceded the H + cycle in evolution Mulkidjanian, Dibrov and Galperin 2008) . There were apparently two major driving forces behind the transition from primary Na + to primary H + pumping. First, there was an evolution of primordial biological membranes from a 'H + -leaky' to 'H + -tight' type of architecture (Mulkidjanian, Dibrov and Galperin 2008; Mulkidjanian, Galperin and Koonin 2009) . Second, the assembly of the primary redox H + pumps into electron-transport chains covering the redox span of >1.0 V from donor metabolites to highpotential electron acceptors (i.e. oxygen, nitrate, sulfate or sulfite) ensured an enormous thermodynamic gain Mulkidjanian, Dibrov and Galperin 2008) . This logic explains the 'patchy' distribution of the complete Na + cycle as well as solitary primary Na + pumps among modern species. The Na + cycle or its constituents remained preserved only in ecological niches where the high-potential electron acceptors were not available and/or the thermodynamic advantage of H + -coupled electron transfer could not be realized for one reason or another (Mulkidjanian, Dibrov and Galperin 2008) . Curiously, in the context of this review, the above theoretical considerations are becoming rather practical, because such 'thermodynamically challenging' niches are often encountered by pathogenic bacteria colonizing the host. For example, SMFbased energetics would be beneficial for the pathogens circulating in the Na + -rich blood plasma, or multiplying at elevated pH in the presence of natural protonophores such as bile salts and fatty acids, as it happens in the gut. This represents a key to understanding the 'overrepresentation' of the Na + cycle in the energetics of animal and human pathogens and identifies the Na + cycle, and especially individual primary sodium-motive pumps, as attractive target candidates for future antibiotics.
Primary Na + pumps as potential antibiotic targets
As many as seven distinct types of primary sodium pumps have been identified so far, including the recent discovery of the lightdriven Na + bacteriorhodopsin (Inoue et al. 2013) . However, the focus of this communication is NQR, so only those primary Na + pumps that are either closely related to NQR (i.e. RNF) or coinciding with NQR in the same species, or if they seem to be especially promising as potential antibiotic targets, will be discussed. For example, Na + -motive ATPases will not be discussed in this review. The sodium-pumping enzymes of F-and V-types are expected to consume the SMF for ATP synthesis rather than expel Na + from the cytoplasm at the expense of ATP hydrolysis . Furthermore, as evolutionary predecessors of H + -ATPases of F-and V-types, they share with them many structural features (Mulkidjanian, Dibrov and Galperin 2008) , thus seriously complicating the design of truly selective inhibitors devoid of unwanted side effects. Similarly, the Na + -transporting ABC (ATP binding cassette)-type ATPases encoded in the genomes of such pathogens as Clostridium difficile and Legionella pneumophila are structurally close to their H + -motive counterparts . In addition, they may detoxify the cytoplasm by expelling excess toxic Na + but can hardly create a sizable SMF without wasting the cellular ATP pool (see for a detailed discussion). As for P-type Na + -transporting ATPases (Deppenmeier, Lienard and Gottschalk 1999) , they seem to be rare in pathogenic species. Na + -translocating methyltransferases (Ueno, Kaieda and Koyama 2000) , being found exclusively in methanogenic archaea but not in bacteria, are beyond the scope of this review as well. Historically, the Na + -motive dicarboxylate decarboxylases (Na + -DDs) were discovered first (Dimroth 1980; Hilpert, Schink and Dimroth 1984; Speelmans et al. 1993; Dimroth and Hilbi 1997) . These archaic biotin-dependent SMF generators are able to drive the transmembrane Na + efflux at the expense of a modest amount of free energy released by the decarboxylation of oxaloacetate, malonate, methylmalonyl-CoA or glutaconyl-CoA (Dimroth 1997) . Collectively, they comprise the Na + -transporting carboxylic acid decarboxylase family of enzymes (NaTDC) (Dimroth and Schink 1998; Saier 2002,2004) abbreviated as 'Na + -DD' for the purposes of this review. A putative Na + -DD is encoded in the genome of the spirochete Treponema pallidum (Fraser et al. 1998) , where it seems to be the sole primary ion pump playing a central role in energy metabolism and thus representing an obvious candidate for the development of novel remedies against syphilis . However, often Na + -DDs co-exist with other primary Na + pumps, notably, the Na + -NQR. The Na + -DD/Na + -NQR tandem is operating in Vibrio cholerae Barquera et al. 2004; Türk et al. 2004; Dahinden et al. 2005; Casutt et al. 2012; Steuber et al. 2014) and Klebsiella pneumoniae (Dimroth and Thomer 1989; , and is predicted to operate in a number of other pathogens, including Pseudomonas aeruginosa and Porphyromonas gingivalis . The combination of Na + -NQR with Na + -DD in the same membrane significantly boosts the robustness of the Na + cycle, which can then exploit the energy of anaerobic fermentation in addition to respiration. Curiously, V. cholerae genome encodes two Na + -DD (Na + -motive oxaloacetate decarboxylases, OADs) paralogs (Dahinden et al. 2005) . Both enzymes were purified and characterized in detail (Dahinden et al. 2005) . They differ in their activity as well as in stability and oligomeric status (Dahinden et al. 2005) . From this comparison, it appears that a more active paralog, encoded by the oad-2 gene cluster, is an integral component of the citrate fermentation pathway while another one probably is on its way to extinction (Dahinden et al. 2005) . Of note, the integrity of oad-2 genes may depend on the lineage of V. cholerae: a frameshift found in El Tor N16961 strain would lead to an α subunit of OAD with a deletion of 191 amino acids at the C-terminus while the O395-N1 strain has an intact version of the same gene (Dahinden et al. 2005) . It would be interesting to compare the resistance to growth of both strains to NQR inhibitors. In the membranes of the dental pathogen Fusobacterium nucleatum, Na + -DD decarboxylates glutaconyl-CoA to crotonyl-CoA (Beatrix et al. 1990 ).
Here it operates in concert with RNF, ferredoxin-NAD + oxidoreductase (Herrmann et al. 2008) , which is phylogenetically close to NQR (see the next section), energizing a number of functions including the ATP synthesis by a Na + -ATP synthase of F-type (Schulz et al. 2013) . Substrate analogs are routinely used to inhibit Na + -DDs.
Thus, oxalate inhibits the OAD from V. cholerae with a halfmaximal inhibitory concentration of 10 μM, while another substrate analog, oxomalonate, inhibits the enzyme only at submillimolar concentrations (Dahinden et al. 2005) . Since all Na + -DDs rely on biotin as a cofactor, they are sensitive to the reagents targeting this co-enzyme, such as avidin (Dimroth 1981) . To the best of our knowledge, no potent and narrowly targeted inhibitors for any particular type of Na + -DD have been reported to date. Recently discovered Na + -pyrophosphatases (Na + -PPases) (Malinen et al. 2007 ) are widespread among bacteria of different lineages and could be found in some pathogens such as C. tetani, whose energetics relies exclusively on the Na + cycle (Luoto et al. 2011) . Similarly to closely related proton-motive inorganic pyrophosphatases (H + -PPases), these bacterial membrane-bound enzymes utilize energy of the hydrolysis of pyrophosphate (PP i ) to drive outwardly directed Na + transport across the membranes of bacteria and archaea (Baykov et al. 2013) . As the G • of the reaction of PP i hydrolysis is comparable to that of the reaction of the hydrolysis of ATP (-20 to -25 kJ/mol vs -35 kJ/mol), these ancient enzymes are clearly functioning in vivo as efficient primary Na + pumps building a sizable SMF on the membrane (Baykov et al. 2013) and their potential as prospective antibiotic targets deserves the most careful analysis. It should be noted here, however, that Na + -PPases evidently preceded H + -PPases in evolution, and substitution of Na + by H + apparently occurred more than once, yielding not only proton-motive enzymes, but also those exploiting both coupling ions, H + and Na + , in distinct enzyme lineages collectively covering pro-and eukaryotes (Luoto et al. 2011; Baykov et al. 2013) . It is possible that the relocation of a few 'signature' residues (e.g. negative Glu residues gating the ion channel) might be enough to change the cationic specificity of the enzyme (Baykov et al. 2013) . In future drug development, precautions should, therefore, be taken to avoid targeting the structural motifs common for enzymes with different ion specificity-a situation closely mirroring that with F-and V-type ATPases (see above).
Phylogeny of Na + -NQR
The major primary Na + pump of aerobic pathogens, the Na + -NQR, was discovered in marine vibrions (Unemoto, Hayashi and Hayashi 1977; Tokuda 1983; Tokuda and Unemoto 1981, 1984) and for some time it was considered as an exclusive adaptation to a certain type of ecological niche with high salinity (Tokuda and Kogure 1989; Oh et al. 1991; Kogure 1998; Kato and Yumoto 2000) . However, later presence of Na + -NQR was experimentally demonstrated in two different pathogens, anaerobic K. pneumoniae (Dimroth and Thomer 1989) and air-born Haemophilus influenzae (Hayashi, Nakayama and Unemoto 1996) . Subsequently, an early cross-genome analysis focused on the sodium cycle revealed that the Na + -NQR is surprisingly often encoded in genomes of human and animal pathogens . To date, operons encoding this enzyme have been detected in genomes of more than 100 different bacterial species, and the key turns of the evolutionary history of NQR have been reconstructed in an elegant recent work by Reyes-Prieto, Barquera and Juárez (2014) . The authors suggested that the Na + -NQR appeared in the Chlorobi/Bacteroidetes group as a result of an early gene duplication event that converted two copies of ancestral rnf operon into the primeval nqr gene cluster. The present rnf operons are encoding a functionally diverse family of bacterial redox ion pumps that either expel Na + at the expense of oxidation of an electronegative donor such as ferredoxin (Müller et al. 2008; Schlegel et al. 2012) and NADH (Schmehl et al. 1993) or catalyze the opposite reaction, using the SMF to produce the reducing equivalents for fixation of N 2 (Schmehl et al. 1993; Jeong and Jouanneau 2000; Biegel et al. 2011) (Fig. 2) . The very abbreviation RNF stands for 'rhodobacter nitrogen fixation protein' (Biegel et al. 2011) . Although the RNF and Na + -NQR enzymes share a number of significant topological features (Hreha et al. 2015) , their cofactor composition and, consequently, redox properties are very different (Schmehl et al. 1993) . Therefore, nascent NQR must have undergone significant functional 'tuning'. It apparently included, in addition to a divergence from RNF through the accumulation of point mutations, the loss of the RnfB subunit and its substitution by the soluble reductase subunit (AMOr) of an aromatic monooxygenase, fused to the membrane-anchoring domain, possibly recruited from RnfB (former TMS I of RnfB) (Reyes-Prieto, Barquera and Juárez 2014) . A subsequent series of horizontal gene transfer events resulted in widespread expression of the nqr operon among various bacterial lineages such as α, β, γ and δ -proteobacteria as well as somewhat phylogenically isolated Chlamydiae and Planctomyces (Reyes-Prieto, Barquera and Juárez 2014) . The present Na + -NQR is a multisubunit complex encoded by an operon composed of six structural nqr genes, which are usually arranged in the standard order nqrA to nqrF (or nqr1 to nqr6) (Zhou et al. 1999; Häse and Barquera 2001; Reyes-Prieto, Barquera and Juárez 2014) (Fig. 2) . However, in Chlamydia trachomatis and Chlamydophila pneumoniae, nqrA and nqrF genes are encoded separately from the nqrBCDE operon , it is insensitive to korormicin and its synthetic analogs (Dibrov et al. 2017) due to differences in the amino acid sequences (as discussed below).
One very important feature of NQR as a prospective drug target stems directly from its phylogeny. NQR has no homologs, not only in the respiratory chain of human mitochondria, but also in membranes of the benign bacterial species comprising normal intestinal microflora. Indeed, practically all NQR-possessing species characterized so far are either free living or pathogenic (Kato and Yumoto 2000; Reyes-Prieto, Barquera and Juárez 2014) . Thus, any specific inhibitor of NQR would pose no danger of unwanted side effects due to targeting the host enzymes when administered to the patients. The efficacy of an anti-NQR remedy in each bacterial pathogen will be dependent on the role that NQR plays in the overall physiology of a pathogen and peculiarities of its infectious strategy.
BIOCHEMISTRY AND PHYSIOLOGY OF THE Na
+ -NQR
Enzymatic properties
Although NQR and the respiratory Complex I are not homologs, from the functional point of view, the Na + -NQR is an exact analog to the H + -motive NADH:ubiquinone oxidoreductase (Tokuda and Unemoto 1981; Hayashi, Nakayama and Unemoto 2001; Steuber et al. 2014) . It oxidizes NADH and feeds electrons into the respiratory chain at the level of quinones:
Unlike the H + -motive Complex I, the Na + -NQR uses the energy of the above redox reaction to expel Na + rather than H + from the cytoplasm thus producing the SMF (primarily in the form of ψ, 'minus' inside the cell) (Tokuda and Unemoto 1981; Tokuda 1983 ). However, the proton-pumping analog is twice as efficient in energy conservation, with the ratio of pumped ions per electron, H + /e -= 2, compared to the Na + /e -= 1 measured for the Na + -NQR (Pfenninger- Li et al. 1996; Zhou et al. 1999; Steuber et al. 2000) . Recently, it has been found that Na + -NQR from Vibrio cholerae can translocate Li + instead of Na + , a cation that has a slightly smaller ionic radius (Juárez et al. 2011) . The ionic radius for Li + is 0.076 and for Na + it is 0.102.
Both partial redox reactions catalyzed by the Na + -NQR (NADH oxidation and quinone reduction) as well as the overall chemiosmotic reaction (Eq. 1) can be monitored in vitro (Pfenninger-Li et al. 1996; Zhou et al. 1999; Barquera et al. 2002a,b; Türk et al. 2004 ). Proteoliposomes reconstituted with purified Na + -NQR are able to accumulate 22 Na + at the expense of NADH oxidation (Pfenninger-Li et al. 1996; Zhou et al. 1999) . The pH optimum for both the NADH-dehydrogenase and the Qreductase activity of purified enzyme from V. alginolyticus was 8.0 (Pfenninger- Li et al. 1996) , a property which is apparently common for NQR enzymes isolated from different sources (Häse and Barquera 2001) . The NADH-dehydrogenase reaction, i.e. oxidation of NADH by an appropriate electron acceptor, such as water-soluble quinones or ferricyanide (Türk et al. 2004) , has been demonstrated in preparations of isolated NqrF subunit (Barquera et al. 2004; Türk et al. 2004) , which contains the NADH-binding site, as well as the non-covalently bound flavin adenine dinucleotide cofactor (FAD) and the closely positioned binuclear 2Fe-2S center (Rich, Meunier and Ward 1995; Barquera et al. 2004; Türk et al. 2004) . Electron transfer proceeds in the direction
FAD of NqrF has a midpoint redox potential of -286 ± 17 mV (Türk et al. 2004) , which is slightly more electropositive compared to the E m of NADH/NAD + . Oxidizing NADH, the NqrFrelated flavin acts as a two-electron acceptor and then feeds the electrons one by one to the nearby single-electron acceptor [2Fe-2S] cluster (through the transient formation of a neutral flavosemiquinone), thus operating as a converter from the twoelectron to one-electron process (Türk et al. 2004) . Isolated NqrF demonstrates a high NADH-oxidizing activity (20 000 μmol min -1 mg -1 has been measured by Türk et al. 2004 with an engineered soluble variant of NqrF from V. cholerae), which is Na + independent. At extremely low turnover numbers, for example, in the absence of Na + , when the redox centers comprising the NQR electron transfer relay are statistically 'overreduced', the 2Fe-2S center may leak electrons to O 2 (Juárez, Morgan and Barquera 2009; Juárez and Barquera 2012) . Another leakage occurs at the flavin mononucleotide cofactor (FMN) located in NqrC subunit (Juárez, Morgan and Barquera 2009 ). Artificial redox mediator ferricyanide can also divert electrons from their path by accepting them directly from the FAD cofactor of NqrF (Barquera et al. 2004) . In vivo, however, the NqrF usually transfers two electrons taken from NADH through the 2Fe-2S cluster to the quinone reductase, formed by a trio of integral membrane subunits NqrB, NqrD and NqrE together with peripheral NqrA and NqrC (Zhou et al. 1999; Türk et al. 2004; Bogachev and Verkhovsky 2005; Juárez, Morgan and Barquera 2009; Steuber et al. 2014) . In contrast to the dehydrogenase reaction, the quinone reductase activity of NQR is highly sodium dependent. In vivo it is mechanistically coupled to the transmembrane sodium transfer (see the below sections). Added Na + stimulates the Qreduction by the NQR from V. cholerae almost 9-fold, increasing the turnover number from 60 to 460 s -1 with a K m for Na + of 2.5 mM (Juárez et al. 2011) . Another translocated cation, Li + , also stimulates the reaction, albeit only 3-fold and with a higher K m of ∼3.5 mM (Juárez et al. 2011) . Kinetic analysis suggests that there are at least two cation-binding sites with such strong positive cooperativity that both cations compete (Juárez et al. 2011; Juárez and Barquera 2012) . Equilibrium measurements with isotopically labeled Na + indicate that the oxidized and reduced enzyme can bind up to three substrate cations with the same affinities (Juárez et al. 2011) . In addition to the two translocated alkali cations, K + and Rb + have been reported to affect the activity of V. cholerae NQR to some extent by binding to a regulatory site (Juárez et al. 2011) . Interestingly, these 'chemical twins' had opposite effects on the enzyme (10%-20% stimulation by K + but inhibition by Rb + ) (Juárez et al. 2011) .
NQR structure
Our current knowledge of the molecular architecture of Na + -NQR is mainly based on the pioneering work by Steuber et al. (2014) who, for the first time, reported the X-ray diffractionbased structure of the V. cholerae enzyme resolved at 3.5Å, complemented with high-resolution structures of the soluble domains of NqrA, NqrC and NqrF (at 1.60Å, 1.70Å and 1.55Å, respectively). Figure 2 , modified from this work, shows the major features of the Na + -NQR architecture.
Na + -NQR is a membrane-bound complex composed of three highly hydrophobic subunits, NqrB, NqrD and NqrE, together forming the integral membrane core of NQR, and three hydrophilic subunits: periplasmic NqrC, cytoplasmic NqrA and NqrF (Steuber et al. 2014) (Fig. 2) . The complex carries a highly unusual set of redox-active cofactors involved in electron transfer: a binuclear [2Fe-2S] center in NqrF (Pfenninger- Li et al. 1996; Barquera et al. 2004; Türk et al. 2004) , two covalently bound FMN molecules located in NqrB and NqrC (FMN B and FMN C , respectively) (Hayashi et al. 2001; Barquera et al. 2002) , one noncovalently bound FAD of NqrF (Barquera et al. 2004; Türk et al. 2004 ), a non-covalently bound riboflavin (Barquera et al. 2002; Juárez et al. 2008; Casutt et al. 2010 ), a tightly bound ubiquinone (Casutt et al. 2011 ) and a newly identified Fe-binding site (Steuber et al. 2014) . Riboflavin was identified as a component of the Na + -NQR complex from V. cholerae (Barquera et al. 2002) and later it was reported in the evolutionary predecessor of NQR, RNF (Reyes-Prieto, Barquera and Juárez 2014) . The Na + -NQR and RNF seem to be the only known enzymes exploiting an unmodified riboflavin as an active redox cofactor (Juárez et al. 2008; Reyes-Prieto, Barquera and Juárez 2014) . Until its identification in NQR, riboflavin was exclusively considered as a precursor of other flavin coenzymes, such as FAD and FMN (Reyes-Prieto, Barquera and Juárez 2014). Initially thought to be connected to the NqrB subunit (Casutt et al. 2010) , it is possibly located at the interface of NqrB-D (Steuber et al. 2014) . The Fe site in NqrD-E has been described for the first time only recently from the analysis of crystallographic data (Steuber et al. 2014) . The dehydrogenase module harbouring the entry segment of the electron transfer pathway in the Na + -NQR complex (Equation 2) is represented by the NqrF subunit (Fig. 2) . It is exposed to the cytoplasm and composed of three major domains: (i) the hydrophobic N-terminal α-helix anchoring the NqrF subunit in the lipid bilayer; (ii) next to it, located in the proximity of the membrane, is the ferredoxin domain; it contains the binuclear 2Fe-2S center bound to the cysteine ligands Cys70, Cys76, Cys79 and Cys111 that are conserved in all NQR enzymes (Barquera et al. 2004) ; and (iii) the C-terminal flavin domain containing the noncovalently bound FAD protruding into the water phase. The conserved Arg210, Tyr212 and Ser246 residues form hydrogen bonds stabilizing the bound flavin (Zhou et al. 1999; Barquera et al. 2004; Steuber et al. 2014) . Noticeably, all three domains of NqrF are connected by flexible linkers (Steuber et al. 2014) . It is hypothesized that the hydrophilic domains of NqrF might move towards the membrane subunits during the catalytic cycle (Steuber et al. 2014) . The soluble variant of this subunit, NqrF´, devoid of the N-terminal helix, has unaltered redox properties and was studied in great detail (Türk et al. 2004) . A distance of ∼9Å between the C(8) methyl of the isoalloxazine ring of FAD and the closest Fe atom of the 2Fe-2S cluster was first predicted (Türk et al. 2004 ) and then confirmed to be 9.8Å in the crystallized preparations (Steuber et al. 2014) . Thus, the two redox centers are situated close to one another, which is required for the effective electron transfer on the segment from the two-electron NADH oxidation to the downstream single-electron relay within the complex (Türk et al. 2004; Steuber et al. 2014) . NADH binds to the C-terminal domain of NqrF at a conserved Rossman-fold motif, originally identified by Rich, Meunier and Ward (1995) and later corroborated by experimental studies on the NqrF from different sources (Türk et al. 2004; Juárez and Barquera 2012; Steuber et al. 2014) .
Another cytoplasmic subunit is NqrA. Its cytoplasmic location was suggested by earlier extensive reporter gene fusions (Duffy and Barquera 2006) and confirmed by recent crystallography data (Steuber et al. 2014) . Curiously, the amino acid sequence of NqrA shows no resemblance to any known protein, whereas its overall geometry is remarkably similar to the subunit Nqo1 of bacterial Complex I (Baradaran et al. 2013; Steuber et al. 2014) . Despite this, there are no functional similarities between the two (Steuber et al. 2014) . Indeed, in contrast to Nqo1, NqrA does not contain any flavin cofactors (Juárez and Barquera 2012; Steuber et al. 2014) , possibly due to evolutionary loss (ReyesPrieto, Barquera and Juárez 2014) . NqrA has been proposed to play a purely structural role, since its elimination prevents the assembly of the whole NQR complex (Casutt et al. 2010; ReyesPrieto, Barquera and Juárez 2014) . However, although it could not be observed in the low-resolution electron density of the entire Na + -NQR complex (Steuber et al. 2014) , the ubiquinone interaction site has been mapped in NqrA by photo-affinity labeling and NMR (Casutt et al. 2010; Nedielkov et al. 2013) . NMR experiments with quinone analogs indicated that two quinonetype molecules could be bound simultaneously to the isolated NqrA subunit as well as the purified holoenzyme, despite the earlier kinetic data, consistent with a single quinone-binding site (Nedielkov et al. 2013) . The two ligands were apparently binding to a spacious binding site in close proximity to each other (Nedielkov et al. 2013) . Furthermore, the ubiquitin-like domain of NqrA is large enough to accommodate ubiquinone (Steuber et al. 2014) . Therefore, NqrA could provide the exit site for the electrons reducing the natural acceptor ubiquinone-8 of the intramembrane quinone pool (Fig. 2) . Precise mapping of the quinone-binding catalytic site(s) in NQR is very important for the understanding of the mechanisms of inhibitory action of HQNO and korormicin and its derivatives (see the section 'Natural quinone-like inhibitors: HQNO and korormicin'). The remaining hydrophilic subunit of the complex is NqrC. A cytoplasmic location for this subunit has previously been proposed based on the PhoA/GFP gene fusion mapping (Duffy and Barquera 2006) . This location, however, contradicted the insertion of the covalently bound FMN into NqrC in the periplasm (Bertsova et al. 2013) . The controversy has been resolved by the X-ray diffraction-based structural study of Steuber et al. (2014) , placing the subunit at the periplasmic side of the complex. NqrC contains a covalently bound FMN that is linked to the side chain of Thr225 (Casutt et al. 2012) . Examination of the crystal structure of NqrC revealed a new flavoprotein fold with a unique positioning of the cofactor: only the pyrimidine portion of isoalloxazine is embedded in the open pocket formed by the protein, whereas the benzene moiety is protruding into a deep cavity formed by the NqrD and NqrE subunits (Steuber et al. 2014) . This places the FMN in close proximity (7.9Å) to the Fe atom located in the Fe-binding site in NqrD-E, ensuring fast electron transfer between these redox centers (Steuber et al. 2014) .
Subunits Nqr B, D and E form the integral membrane core of the NQR complex. NqrD and NqrE are homologous and apparently arose in evolution after a gene duplication event (ReyesPrieto, Barquera and Juárez 2014; Steuber et al. 2014) . As shown in Fig. 2 , they are mutually inverted in the membrane. In the resulting assembly, D and E subunits are related by a rotation of 180
• around a 2-fold axis located in the center of the lipid bilayer. Such a symmetrical arrangement allows them to collectively form a novel type of binding site for an Fe atom (Steuber et al. 2014) . This binding site consists of extended chains of four discontinuous transmembrane segments (TMSs) (I and IV of both NqrD and NqrE) which provide four Cys residues to coordinate the Fe within the membrane via the thiol groups of their side chains (Steuber et al. 2014) . Discontinuous TMSs are known to play a prominent role in both primary ion pumps (Pedersen et al. 2007; Baradaran et al. 2013 ) and secondary ion pumps (Hunte et al. 2005; Ding et al. 2006) . Their extended chains, sandwiched between two half-helices, allow the formation of flexible ion-binding sites required, for example, for the alternate access mechanism of ion translocation (Jencks 1980; Padan et al. 2004; Padan 2008) . However, the remarkable intramembrane coordination sphere for Fe identified by Steuber et al. (2014) NqrB is the largest membrane-embedded subunit with 10 TMSs traversing the membrane. It consists of 415 amino acid residues. This is also a probable product of evolutionary duplication. It is reported to be homologous to urea and NH 4 + transporters, although the degree of sequence identity does not exceed 12% (Steuber et al. 2014) . This NQR subunit contains a hydrophilic Na + translocation path formed by TMS I, III, VI and VIII with a severe constriction in the middle of the membrane created by a group of hydrophobic residues (Steuber et al. 2014) . The cytoplasmic half-channel opens into the water phase by a wide cavity lined by negatively charged residues that facilitate binding and the unidirectional translocation of Na + (Steuber et al. 2014) . In particular, it contains a functionally important Asp 346. A mutation at D346A alters the quinone reductase activity and Na + sensitivity of the NQR, but does not affect the apparent K m for sodium. This suggests a possible involvement of Asp 346 in the Na + -conducting pathway ). Voltage formation by the NqrB-D346A variant of NQR was undetectable ). The middle of the membrane Na + channel is obstracted by side chains of hydrophobic Phe338 and Phe342 (TMS VIII), Ile164, Leu165 and Leu168 (TMS III), and Val64 (TMS I) (Steuber et al. 2014) . Therefore, in Fig. 2 it is shown as two halfchannels. Importantly, rotation of the side chain of either Phe 342 or Ile 164 would completely block the Na + pathway (Steuber et al. 2014) , so that a translocated alkali cation must be pumped into the opposite half-channel at the moment of the removal of this barrier during the catalytic cycle. After this constriction, the opposite half-channel opens into the periplasm by a deep and wide funnel with a positively charged surface, which may minimize the counter-current of Na + into the cytoplasm (Steuber et al. 2014) . The periplasmic segment of NqrB contains FMF covalently bound to the protein via its phosphate group to Thr236. The cavity harboring the FMN is connected to the periplasmic Na + half-channel (Steuber et al. 2014 ).
It has been suggested that the two conserved neighboring glycine residues (in positions 140 and 141, transmembrane helix III in NqrB subunit of the V. cholerae enzyme) are somehow involved in the formation of the ubiquinone-binding site because their mutation, even to other small residues, such as alanine or valine, completely disrupts the interaction of the enzyme with ubiquinone Reyes-Prieto, Barquera and Juárez 2014) . As discussed below, Gly140 is needed for binding one of most potent inhibitors of NQR, korormicin.
Although a previous mutational analysis had suggested that riboflavin is also located in NqrB (Casutt et al. 2010) , the localization of this cofactor is still somewhat uncertain. It is probably located in the membrane close to its cytoplasmic side at the interface between NqrB and NqrE (Steuber et al. 2014) . The RBF B riboflavin is the final redox center of the electron relay of Na + -NQR, accepting electrons from the nearby FMN B (Juárez and Barquera 2012) and donating them to ubiquinone (Juárez et al. 2008; Juárez and Barquera 2012; Steuber et al. 2014) .
Biogenesis of Na + -NQR
A plethora of built-in redox cofactors suggests that the functional NQR complex should undergo a multistep assembly/maturation process. Indeed, the biogenesis of NQR includes covalent attachment of FMN units, catalyzed by a flavin transferase that is encoded by the apbE gene associated with the nqr operon (Bertsova et al. 2013) . Although the ApbE-dependent flavinylation of enzymes is a widespread reaction in bacteria, ApbE of Escherichia coli cannot flavinylate the Na + -NQR from V. harveyi (Bertsova et al. 2013) , indicating a certain degree of ApbE substrate selectivity. The second maturation factor of Na + -NQR in proteobacteria was recently discovered by Kostyrko et al. (2016) . It is encoded by an nqrM gene that is located downstream of apbE in Na + -NQR encoding genomes (Kostyrko et al. 2016) . The chromosomal nqrM deletion mutants of V. harveyi and Klebsiella pneumoniae had non-functional Na + -NQR complexes with a number of subunits missing (Kostyrko et al. 2016) . Expression of nqrM in trans from a plasmid complemented this phenotype (Kostyrko et al. 2016) . The NqrM protein has a single putative transmembrane α-helical 'anchor' and four conserved Cys residues. All four cysteines are needed for the maximal yield of the mature Na + -NQR.
A mutation in one of them (Cys33 in V. harveyi NqrM) to Ser completely abolished the activity of NqrM (Kostyrko et al. 2016) . The authors hypothesized that NqrM (previously annotated as 'domain with unknown function' DUF539) might be responsible, possibly in combination with the ISC/SUF iron-sulfur mobilization system (Roche et al. 2013) , for iron delivery to the unique Cys 4 [Fe] center sandwiched between NqrD and the NqrE subunits (see Fig. 2 ) during the assembly of the Na + -NQR complex (Kostyrko et al. 2016) . The possibility that NqrM acts as a transcriptional regulator guiding the expression of a (as yet unidentified) factor that directly participates in the Na + -NQR assembly has not been excluded. However, the results of Cys mutagenesis in NqrM in conjunction with the well-known roles of the four-Cys scaffolds that are able to accommodate either a Fe-S cluster or a single Fe atom make the proposed role of NqrM as a Fe-delivering assembly factor more appealing. Furthermore, heterologous co-expression of nqrM and apbE together with the nqr operon in E. coli yielded a functional Na + -NQR (Kostyrko et al. 2016) , clearly indicating that these two specific factors are sufficient for the proper assembly/maturation of the NQR complex. Given the specificity of NqrM for NQR-encoding organisms and its critical role in NQR biogenesis, this maturation factor may be considered as a separate prospective target for antimicrobial remedies focussed at Na + -NQR (Kostyrko et al. 2016) .
A possible mechanism of generation of the SMF by Na + -NQR
The first general hypothesis describing a possible mechanism for the coupling of electron transfer and Na + translocation in Na + -NQR was presented by Rich, Meunier and Ward (1995) . Their idea of 'thermodynamic coupling' was based on a postulate of local electroneutrality of catalytic intermediates surrounded by a medium of low dielectric strength. According to their model, a reduced redox center in the middle of the lipid bilayer attracts the positive counterion (Na + ) from the negative side of the membrane and then releases it at the opposite side upon consequent oxidation (Rich, Meunier and Ward 1995) . Thus, the electric charge of the translocated cation would be neutralized by the negative electron charge, resulting in a great energetic gain at the step of the transmembrane ion translocation (Rich, Meunier and Ward 1995) . In this mechanism, the actual values of the redox potentials of cofactors involved in the translocation must be affected by the presence of the substrate cation. However, no such dependence was ever documented experimentally (Bogachev et al. 2007; Juárez, Morgan and Barquera 2009; Juárez et al. 2010; Verkhovsky and Bogachev 2010; Steuber et al. 2014 ).
Juárez and Barquera suggested a more elaborate 'indirect' coupling mechanism, whereby Na + translocation requires the redox-dependent conformational changes of the protein rather than a direct interaction of Na + with a certain cofactor (Barquera et al. 2004; Juárez et al. 2010; Juárez and Barquera 2012) .
In particular, they suggested that the electron transfer between FMN and riboflavin in NqrB is coupled to the release of Na + into the periplasm (Juárez et al. 2010) . Their insights were supported and further developed in the most recent version of coupling in NQR suggested by Steuber et al. (2014) , which is based both on their structural findings and on the kinetic data of Juárez and Barquera and others. The electron transfer pathway through the Na + -NQR deduced from combined structural (Steuber et al. 2014 ) and functional (Bogachev et al. 2002 (Bogachev et al. , 2007 Juárez et al. 2010; Verkhovsky et al. 2012) analyses can be presented as follows:
Being embedded into the overall NQR structure, this path forms a loop with the electron twice crossing the membrane (Steuber et al. 2014) , as shown in Fig. 2 . The relatively long distance between [2Fe-2S] F and Fe D-E (33.4Å) supported by the X-ray diffraction-based structural data (Steuber et al. 2014) invited the suggestion of a dramatic redox-driven conformational change in NqrF (Steuber et al. 2014) to ensure a suitably fast electron transfer at this segment that has been measured in Na + -NQR preparations (Juárez et al. 2010) . The authors reasonably pointed to a precedent of the respiratory Complex III, where the Rieske domain of the Fe-S protein must move its reduced [2Fe-2S] center towards the heme of the cyt c 1 subunit during the catalytic cycle (Zhang et al. 1998) . The distance between FMN B and RBF B (29.3Å) is too great for efficient electron transport (Steuber et al. 2014) . A shuttling of non-covalently attached RBF B has been suggested as a mechanism to minimize this gap (Steuber et al. 2014) .
According to the model developed by Steuber et al. (2014) , binding of a (presumably hydrated) Na + ion to the negatively charged mouth of the cytoplasmic half-channel is promoted by the reduction of Fe D-E accepting electron from the [2Fe-2S] F cluster. This notion is supported by previously published kinetic data (Bogachev et al. 2007; Juárez et al. 2010; Verkhovsky and Bogachev 2010) . Asp 346 positioned at the bottom of this half-channel (see Fig. 2 ) is regarded as a part of Na + -binding site close to the middle of the membrane (Steuber et al. 2014) . The translocated ion remains there while a fast electron transfer occurs between closely located Fe D-E and FMN C centers (Steuber et al. 2014) . Only when an electron reaches the subunit NqrB will the next wave of conformational changes become initiated, as reflected by EPRbased measurements (Verkhovsky et al. 2012) . First, transfer of a single e -to FMN B results in a closing of the cytoplasmic opening of the ion-translocating pathway and a concomitant dehydration of Na + , which becomes coordinated by oxygens of the peptide backbone and by the side chain carboxyl of Asp 346 (Steuber et al. 2014) . It is proposed that the partially reduced FMN B then provokes a large-scale conformational rearrangement culminating in the removal of the constriction between half-channels that is created mostly by Phe342 and Phe338 of NqrB thus allowing the Na + to jump into the periplasmic half-channel as electron crosses the membrane once again, moving from FMN B to RBF B (Steuber et al. 2014) . The electron transfer at the segment FMN B → RBF B has been previously suggested as a coupling point for the release of Na + at the periplasmic side of the membrane (Juárez et al. 2010) . The spacious periplasmic halfchannel would provide a more than sufficient supply of water molecules for a fast thermodynamically favored re-hydration of translocated Na + , promoting its diffusion into the periplasmic space (Steuber et al. 2014) . Subsequent reduction of the bound Q A quinone by the riboflavin of NqrB is not in any way related to the NQR ion-pumping function (Steuber et al. 2014) . Noticeably, the model postulates a very tight, conformationally mediated coupling between two oppositely directed vectorial charge movements against the electrical field normally existing on the membrane: cation translocation occurring in NqrB and the electron transfer within the same subunit proceeding in the opposite direction (see Fig. 2 ).
Effects of the Na + -NQR on bacterial growth and survival
The physiological significance of Na + -NQR can be inferred from the effects of nqr operon deletion/disruption on growth of the mutant cells in vitro. For any given microorganism, growth would depend on its genetic constitution (the prevalence of aerobic or anaerobic metabolism, the presence and expression levels of different components of the Na + cycle, etc.) and growth conditions (such as aeration, sodium concentration and pH). Disruption of the nqr operons or inhibition of NQR by HQNO in vibrions typically does not arrest their growth completely at any cultivation conditions (Tokuda 1983; Mekalanos 1998, 1999; Dibrov et al. 2002) . Hence Na + -NQR is traditionally considered as non-essential for survival of the Vibrio species (Häse and Barquera 2001) . However, elimination of functional Na + -NQR does affect growth of various vibrions in vitro. Growth of a V. alginolyticus mutant bearing the disrupted Na + -NQR subunit NqrF was rendered sensitive to a protonophoric uncoupler, CCCP (Tokuda 1983) . Disruption of the nqr operon in V. cholerae resulted in an inhibition of growth at low and high NaCl concentrations Mekalanos 1998, 1999) . It is worth emphasizing that in vitro growth conditions are typically very different from in situ situations. Thus, an antibiotic, which is not especially effective in vitro, might be potentiated in an actual in vivo infectious process. More specifically, whereas the loss of a functional NQR is not crucial for V. cholerae cells growing in a relatively rich medium in a laboratory flask, it could be fatal in the conditions of lowered PMF. This may occur, for example, in an alkaline pH and in the presence of natural uncoupling agents like bile salts, as occurs in the gut. Therefore, improved testing systems need to be developed to generate more realistic assessments of the potential for novel antibiotics to target the elements of the sodium cycle, Na + -NQR included.
Information on the growth effects of Na + -NQR in other bacterial phylae remains scarce. Genomic analysis predicts that the Na + -NQR must be a central element of the energy-producing machinery in chlamydial species (Dibrov et al. 2004) . Recently, the inhibition of Na + -NQR in the obligate intracellular parasites
Chlamydophila pneumoniae and Chlamydiae trachomatis indeed disrupted the infectious process and prevented their propagation in cell culture (Dibrov et al. 2017 (Spacciapoli et al. 2001) . Furthermore, Ag + ions strongly inhibited the survival of the air-borne pathogen Legionella pneumophila but had a much reduced toxicity for Mycobacterum avium (Miyamoto, Yamaguchi and Sasatsu 2000) . This correlates with the presence of the nqrF gene homolog in the genome of L. pneumophila but not M. avium ; Reyes-Prieto, Barquera and Juárez 2014) . In accord with this latter observation, our preliminary data suggest that the growth of L. pneumophila is also sensitive to synthetic furanone inhibitors of Na + -NQR (unpublished results).
Sometimes peculiarities of ecological niches and the life cycle of pathogenic species in conjunction with genomic information could provide clues to a possible role of NQR. The oral pathogens Treponema denticola, Tannerella forsythia and P. gingivalis all have Na + -NQR Reyes-Prieto, Barquera and Juárez 2014) . They form a multispecies consortium, often referred to as the 'Red Complex' in subgingival dental plaques (Holt and Ebersole 2005) . Due to their high extracellular proteolytic activity, species comprising the Red Complex cause chronic periodontitis when their growth is elevated (Socransky et al. 1998; Holt and Ebersole 2005; Socransky and Haffajee 2005) . Actinobacillus actinomycetemcomitans is another opportunistic oral pathogen capable of causing periodontitis (Holt and Ebersole 2005) . Its genome encodes a Na + -NQR as well Reyes-Prieto, Barquera and Juárez 2014) . As indicated previously, there are three possible 'ecological' reasons for the importance of the primary Na + pumping in oral pathogens : (i) the Na + /H + antiport might stabilize the levels of the PMF on the bacterial membrane (see Fig. 1 ), which could otherwise be quite unstable due to the huge swings of pH and ionic composition in the oral cavity. The role of the Na + gradient as an 'energetic buffer' for the PMF is well documented (Brown et al. 1983; Skulachev, Bogachev and Kasparinsky 2013 as shown in Fig. 3 . (iii) Gum bleeding often accompanies periodontitis, resulting in elevated [Na + ]. In the Na + -rich blood plasma, the Na + -NQR would be as important for the survival of oral pathogens as it is in marine Vibrios, the 'classical' NQRcontaining organisms. This also hints at a disturbing possibility of a general bacteriemia caused by oral bacteria circulated with blood. Indeed, P. gingivalis and A. actinomycetemcomitans have been reported in atherosclerotic plaques in the carotid artery (Haraszthy et al. 2000) . The same could be true for other nonoral bacterial pathogens and their relationship to atherogenesis (Hu et al. 1999; Deniset and Pierce 2005) . Thus, the above-mentioned oral pathogens seem to be good candidates for inspection of the role Na + -NQR plays in their growth/survival both in vitro and in situ. Of note, T. denticola might be the most susceptible oral pathogen to anti-NQR drugs, as its membrane contains only two primary ion pumps: the Na + -NQR and H + -motive pyrimidine nucleotide transhydrogenase, H + -TH Seshadri et al. 2004) . The gene TDE0651 encoding another putative H + pump, a H + -translocating pyrophosphatase, that could contribute to the PMF, has a frameshift (Seshadri et al. 2004) . Since the standard G 0/ of the transhydrogenase reaction is close to zero, it is reversible and its direction is dependent on the ratio of current concentrations of both reduced nucleotides (Skulachev, Bogachev and Kasparinsky 2013) . Bacterial ion-motive transhydrogenases often utilize the PMF to reduce NADP + by NADH (to maintain an appropriate level of reduced glutathione, etc.) rather than catalyze the opposite reaction coupled to the generation of the PMF. Therefore, it is reasonable to expect that Na + -NQR might be mainly or even solely responsible for the energization of the T. denticola membrane. This would render it as an ideal drug target.
Na
+ -NQR and virulence
The widespread distribution of Na + -NQR among pathogens with very diverse virulence strategies and life cycles suggests the potential direct involvement of this enzyme in the infection process. Although studies on the role of Na + -NQR in the mechanism of pathogenicity are still in their infancy, Na + -NQR is undoubtedly involved in regulating the production of virulence factors in V. cholerae Mekalanos 1998, 1999; Minato et al. 2014) . Nqr mutations as well as NQR inhibitors increase transcription of the toxT gene which encodes the major transcriptional regulator of pathogenicity genes, ToxT. This governs the synthesis of virulence factors such as cholera toxin (CT) and toxin co-regulated pili (TCP) (Häse and Mekalanos 1999) . The exact molecular mechanism of this remains unknown, but one possible scenario is that one of membrane Na + -transporting proteins serves as a SMF sensor, which transmits information about the current SMF level to the ToxT promoter (Dibrov 2001) . At the same time, inhibition of the Na + -NQR or chromosomal deletion of nqrA-F genes significantly decreases production of cholera toxin by the late exponential cells of V. cholerae O1 in the toxT-independent manner (Minato et al. 2014) . Unlike the ToxTmediated effect, the latter result is clearly due to a simple energetic deficiency, since the restoration of the respiratory electron transfer by engaging an alternative e -entry point (lactate dehydrogenase), restored CT production (Minato et al. 2014) . Importantly, in the course of a large-scale transposon insertion screening, Camilli's group (Merrell, Hava and Camilli 2002) found that inactivation of Na + -NQR in V. cholerae results in reduced colonization efficiency in the suckling mouse model of infection. Of note in the same work, Na + -NQR was essential for the acid tolerance response in this species (Merrell, Hava and Camilli 2002) , indicating the possible importance of Na + -NQR for passing the gastric barrier by invading V. cholerae. This would solve an apparent paradox of functional importance of Na + -NQR for V. cholerae in the anaerobic gut environment where the respiratory chain in this bacterium only uses oxygen as the terminal electron acceptor and the expression of the nqr operon is strongly repressed (Fadeeva et al. 2007; Isabella and Clark 2011) . Therefore, perhaps the most important consideration of the physiology of NQR in Vibrio species is that Na + -NQR, although non-essential for survival of the vibrions in vitro, may be essential for the infectious process and a viable target by anti-NQR remedies.
As noted above, Na + -NQR is indispensable for survival of C. trachomatis in the internal host environment (Dibrov et al. 2017) . Since all chlamydiae are obligate intracellular parasites, it is an example of where it is difficult to dissect virulence from the mere survival of invading pathogen in the host. It is, however, clear that Na + -NQR inhibitors are highly efficient antichlamydial medicines. Similarly, the elevated growth of the Red Complex species discussed in the above section is per se the etiological factor in the progression of chronic periodontitis. In this context, it is worth mentioning that a '50 kD antigen PG1' patented in Australia (patent AU 98/0 1023) is the NqrA subunit of oral pathogen P. gingivalis strain W50 (GenBank accession number AF144076) . Although it is not quite clear at the moment how a subunit of NQR located in bacterial cytoplasm could become immunogenic, this curious observation supports the idea of the importance of Na + -NQR for virulence in oral pathogens. An indirect but rather intriguing indication of the possible involvement of NQR in a very different infectious process comes from the capacity of A. pleuropneumoniae to cause pleuropneumonia in swine (Cruz et al. 1996) . NqrA (AopA in (Cruz et al. 1996) ) was immunogenic in infected pigs. The serum of convalescent animals contained anti-NqrA antibodies (Cruz et al. 1996) .
Conversely, an nqr deletion mutant of Yersinia pestis, in which its infection in an animal host was strictly dependent on intracellular sodium levels and thus on the operation of the Na + cycle (Brubaker 2007) , was almost as virulent as its nqr-positive parent in mouse models of septicemic and bubonic plague (Minato et al. 2013) . In contrast, the elimination of the secondary Na + pumping proteins, the Na + /H + antiporters NhaA and NhaB, rendered Y. pestis-infected cells practically avirulent (Minato et al. 2013) . One could argue that the mouse models of infection remain an artificial infection scenario where dependence of the infection on functional NQR might be mitigated by any unexpected parameters used in the experiments such as the direct injection of Y. pestis into cells (intravenous and intradermal). The authors suggested that this may be explained by the need for Y. pestis to survive in an Na + -rich microenvironment during the infection (Minato et al. 2013) . As the Na + -NQR generates ψ on the membrane by expeling Na + ions, it cannot build up a large chemical transmembrane gradient of sodium (necessary to keep internal sodium levels safely low), while the secondary sodiumproton exchangers, NhaA and NhaB, being electrogenic (they import more than 1 H + per each Na + ion expelled), can use the ψ for the very efficient removal of cytoplasmic Na + . NhaA and NhaB could be energized by primary H + pumping (see Fig. 1 ). The respiratory chain of Y. pestis contains a H + -pumping analog of Na + -NQR , which can energize the antiporters when a functional NQR is absent. Thus, antiporters, but not Na + -NQR, are critical for the survival of Y. pestis in the host (Minato et al. 2013 ). Overall, it should be stressed that an accurate assessment of the Na + -NQR (or, generally, of any other component of the Na + cycle) as a drug target in any given pathogen must be based not only on the in vitro growth data, but also on more elaborate experimental models that mimic the actual in vivo infectious process as close as possible.
NQR INHIBITORS
Inorganic inhibitors: Ag + ions and heavy metals
The Na + -NQR from Vibrio species is sensitive to low-nanomolar concentrations of Ag + ions (Asano et al. 1985; Hayashi et al. 1992) and to other ions of heavy metals (Cd 2+ , Pb 2+ , Zn 2+ , Cu 2+ ), although in higher concentrations (Bourne and Rich 1992) .
These ions act early in the catalytic cycle of Na + -NQR preventing the binding of NADH to the enzyme (Bourne and Rich 1992) . The Ag + ions bind irreversibly to the NqrF subunit of the complex, provoking a rapid denaturing and, as a consequence, release of the FAD cofactor (Nakayama et al. 1999) . With a half-maximal inhibitory concentration of Ag + between 0.5 and 2.0 nM (Nakayama et al. 1999) , vibrionic Na + -NQR is one of the most vulnerable enzymatic systems targeted by silver ions. While other heavy metals are clearly inadvisable as prospective medications, the major problems with silver ions, despite very high sensitivity of Na + -NQR to them, are 2-fold: indiscriminative action and delivery problems. Indeed, the antibacterial effects of silver salts were discovered in ancient times (Silver and Phung 1996; Klasen 2000) , and today silver is still used to limit growth of many different bacterial species in a variety of medical applications. At relatively high (i.e. millimolar) concentrations, Ag + ions react with a variety of electron donor groups, especially with sulfhydryl (SH-) groups, thus inhibiting quite a number of enzymatic activities in all types of cells, eukaryotic and bacterial (see, for example, Slawson et al. 1992) . Ag + ions also attack such electron donor groups as carboxylates, phosphates, hydroxyls, amines, imidazoles and indoles (Ahearn, May and Gabriel 1995) . In particular, Ag + ions form complexes with nitrogen bases of DNA (Ahearn, May and Gabriel 1995) which explains the reported antiviral activity of silver in addition to its broad bactericidal effects. However, at the much lower micromolar concentrations, Ag + added to isolated mitochondria acts as an uncoupler of oxidative phosphorylation, stimulating both respiration and adenosine triphosphatase activity (Chappell and Greville 1954) . In the framework of modern chemiosmotic theory (Harold and Maloney 1996; Skulachev, Bogachev and Kasparinsky 2013) , this observation suggests that at low concentrations silver ions may provoke a collapse of the PMF on the membrane (Schreurs and Rosenberg 1982) . This effect of Ag + was more recently demonstrated in direct experiments with inside-out membrane vesicles isolated from the NQRpossessing and NQR-deficient cells of Vibrio cholerae (Dibrov et al. 2002) . The addition of submicromolar concentrations of Ag + to membrane vesicles derived from V. cholerae results in a massive H + leakage and subsequent total collapse of the respirationgenerated pH and ψ, irrespectively, of the presence of NQR in the membrane (Dibrov et al. 2002) . In accord with these results, growth of both NQR-positive and NQR-negative strains of V. cholerae was completely arrested by 1.25 μM AgNO 3 added to the minimal growth medium (Dibrov et al. 2002) . Therefore, NQR is not a specific target for a protonophore-like action of low concentrations of Ag + .
An unrelated problem for the use of Ag + as an anti-microbial remedy stems from its low solubility in water. Consistent with this, Ag + is most effective when applied topically. To circumvent the problem, a number of groups are attempting to develop novel delivery systems for Ag + ions based on nanoparticles (nanoAg) (Sondi and Salopek-Sondi 2004; Rai, Yadav and Gade 2009; Li et al. 2010) . However, these efforts have not yet produced a practical system considerably surpassing the administration of the solutions of silver salts, nor will it remove the problem of non-specificity. Interestingly, when assayed in subbacterial membrane vesicles, Na + -NQR from Azotobacter vinelandii was resistant to silver by more than one order of magnitude compared to the Na + -NQR from marine V. harveyi (Fadeeva et al. 2008) . In the former, Ag + attacks Cys377 of the NqrF (Fadeeva et al. 2011) whereas the enzyme from Klebsiella pneumoniae was fully resistant to Ag + ions (Fadeeva et al. 2008) . Therefore, the sensitivity of Na + -NQR from bacteria of different lineage to Ag + varies significantly. The NqrF subunit of Na + -NQR binds and oxidizes NADH (Barquera et al. 2004; Türk et al. 2004; Bogachev and Verkhovsky 2005) . Therefore, it can be concluded that it is largely exposed to the cytoplasm. Apparently, the degree of the accessibility of the NqrF or the specific Cys residues within this subunit could define how silver sensitive a given Na + -NQR may be.
NQR is sensitive to reactive oxygen species
Oxidative damage of the NQR from V. alginolyticus by oxygen reactive species has been documented in in vitro systems (Pfenninger-Li et al. 1996; Steuber et al. 2002) . Although these effects per se could hardly be used in the development of anti-NQR remedies, they still should be taken into account. Indeed, any NQR inhibitor blocking the Na + -dependent step of the reduction of quinone (such as HQNO or korormicin, see below) could be expected to stimulate superoxide and hydrogen peroxide formation by the blocked NQR that is still oxidizing NADH. This occurs in the rotenone-treated mitochondrial H + -pumping Complex I (Li et al. 2003) and, probably, in the dioxygen-or rotenone-treated NQR (Steuber et al. 2002) . This effect of reactive oxygen species (ROS) generation may potentate an anti-NQR effect of quinonelike inhibitors (see below).
The SH reagent: N-ethylmaleimide
Ag + ions are targeting certain cysteine residues in NqrF subunit. has been correlated. However, whereas the activity of Na + -NQR from V. harveyi was completely inhibited by 5 mM NEM, the same concentration of NEM inhibited the Na + -NQR from A. vinelandii only slightly and the enzyme from K. pneumoniae was almost completely resistant to NEM (Fadeeva et al. 2008) . Based on this observation, the authors concluded that inactivation of Na + -NQR by heavy metals is caused by modification of some of its Cys residues (Fadeeva et al. 2008) . As NEM is a non-specific SH modifier and acts at relatively high concentrations, it is not a prospective anti-NQR remedy.
DCCD and rotenone
The reduction of ubisemiquinone to ubiquinol catalyzed by NQR from V. alginolyticus was sensitive to rotenone and DCCD (N,N'-dicyclohexylcarbodiimide) (Pfenninger-Li et al. 1996) . However, 80% inhibition of the Q-reductase activity required prolonged (1 h) incubation of the purified enzyme with high (1 mM) concentrations of DCCD (Pfenninger-Li et al. 1996) . Rotenone at 25 μM had no effect on NADH dehydrogenase activity and reduced the quinone reductase activity of NQR only slightly (by 25%) (Pfenninger-Li et al. 1996) . Rotenone is non-selective pesticide, insecticide and piscicide. Its broad toxicity is due to its block of the mitochondrial respiratory chain by inhibiting the electron transfer from iron-sulfur centers of Complex I to ubiquinone (Chance and Hollunger 1963; Skulachev 1988) . The resulting excessive production of ROS may induce apoptosis in rotenone-treated cells (Li et al. 2003) . Rotenone is toxic to humans and other mammals, causing, for example, Parkinson's disease-like symptoms in rats (Caboni et al. 2004) . The World Health Organization classifies rotenone as moderately hazardous Class II (WHO 2001) . The amino acid coupling agent DCCD is popular in membrane bioenergetic studies as an inhibitor of proton channels. DCCD binds to carboxylic groups in an apolar environment (Skulachev 1988) . In particular, it binds, among other membrane energy transducers, to the c-subunits comprising the F 0 'rotor' module of the H + -ATPases of F-type in both mitochondria (Sebald, Machleidt and Wachter 1980) and bacteria (Fillingame 1975; Hermolin and Fillingame 1989) , as well as to the cyt b subunit of the mitochondrial bc complex (Wang and Beattie 1994) . Thus, both compounds are wide-spectrum inhibitors of energy-transducing membrane proteins (including mitochondrial ones) and have no potential for the development of selective anti-NQR antibiotics.
Flavin modificator: diphenyliodonium
The Na + -NQR enzymes from such different organisms as marine V. harveyi, enterobacterium K. pneumoniae and the soil-borne A. vinelandii are all sensitive to diphenyliodonium (DPI) (Fadeeva et al. 2008) . DPI is an inhibitor of a variety of flavin-containing oxidoreductases, which modifies the isoalloxazine ring of the reduced flavin (Chakraborty and Massey 2002) . In the experiments with subbacterial vesicles and purified enzyme preparations, DPI targets non-covalently bound FAD of the NqrF subunit but cannot reach the covalently bound flavin moieties (located within the subunits NqrB and NqrC, Hayashi et al. 2001; Casutt et al. 2012 ) that may not be readily accessible from the aqueous phase (Fadeeva et al. 2008 ). (Uehara et al. 1999; Kobayashi, Nakayama and Yoshida 2000) . C: Synthetic furanone inhibitor PEG-2S.
Being the broad-spectrum inhibitor of a great variety of flavin-containing oxidoreductases, including Complex I of the mitochondrial respiratory chain (Majander, Finel and Wikström 1994) , and given its rather modest affinity towards FAD of the Na + -NQR (Fadeeva et al. 2008) , DPI is not an especially attractive platform for the development of anti-NQR medications.
Natural quinone-like inhibitors: HQNO and korormicin
HQNO (2-n-heptyl-4-hydroxyquinoline N-oxide) (Fig. 4A ) and korormicin ( Fig. 4B ) are more appealing as potential anti-NQR remedies. HQNO and korormicin are two quinone analogs that prevent the NQR-dependent reduction of ubiquinone. Thus, these compounds are functional analogs of rotenone, which blocks the electron transfer in the PMF-generating Complex I at the same point. HQNO is a natural antibiotic produced by Pseudomonas aeruginosa. It is active against Gram-positive species such as Staphylococcus aureus (Machana et al. 1992) . HQNO binds to the hydrophobic NqrB subunit (Fig. 2) and inhibits the reduction of quinone Q-1 by the purified NQR from V. alginolyticus with K i = 300 pM (Nakayama et al. 1999) . HQNO, therefore, is a highly specific inhibitor of NQR. Interestingly, HQNO acts as a non-competitive inhibitor of quinone reduction by NQR (Nakayama et al. 1999) . Unfortunately, as a quinone analog, HQNO has serious side effects on mammalian mitochondria. HQNO blocks electron flow in the mitochondrial respiratory chain between cyt b and c l of the bc 1 complex at low (0.17 nmol/mg of mitochondrial protein) concentrations (Slater 1967) . In addition, at ∼10-fold higher (micromolar) concentrations, HQNO also acts as an uncoupler of oxidative phosphorylation, catalyzing the pH-driven transmembrane H + fluxes in isolated rat liver mitochondria (Krab and Wikstrom 1980) . The abilities of HQNO to block mitochondrial respiration and to cause the transmembrane proton leakage seriously diminish its suitability as a platform for the development of anti-NQR drugs. Of note, Na + -NQR from A. vinelandii is not sensitive to low (submicromolar) HQNO concentrations (Fadeeva et al. 2008) .
Korormicin (Fig. 4B) is another natural antibiotic targeting the same step of the NQR catalytic cycle. It was isolated from the marine bacterium Pseudoalteromonas sp. F-420 and was initially considered as a bactericidal agent effective exclusively against marine Gram-negative bacteria but not 'against terrestrial microorganisms' (Yoshikawa et al. 1997) . Like HQNO, it inhibits the NQRcatalyzed reduction of quinones in a non-competitive manner, so that the K d for the quinone does not depend on the concentration of added korormicin (Nakayama et al. 1999) . Korormicin is ∼4000 times more potent than HQNO. In the preparations of isolated enzyme reacting with Q-1, korormicin exhibited a K i of ∼80 pM (Nakayama et al. 1999) . Korormicin acts in a manner mutually exclusively to HQNO, suggesting overlapping binding sites for both inhibitors on NqrB (Nakayama et al. 1999) . A single amino acid substitution, Gly140 to Val140, in the middle of one of the transmembrane α-helical segments of NqrB (second helix from the N-terminus), increases the resistance of the enzyme to korormicin (but not to HQNO) by 10 5 -fold. This indicates that Gly140 might be a part of the korormicin-binding site but does not participate in binding of HQNO (Hayashi et al. 2002) . The exact mechanism whereby Na + -NQR is inhibited by both quinone analogs remains unclear. Non-competitiveness indicates that binding of the inhibitors may affect the quinone-binding site indirectly, through a long-range conformational perturbation affecting distant quinone-binding pocket on the neighboring subunit (Nedielkov et al. 2013) . However, an alternative explanation postulating that a quinone-like inhibitor competes for the ubiquinone-binding site demonstrates that a non-competitive behavior (Eschemann et al. 2005) is possible, at least in principle (Juárez and Barquera 2012) . From a more practical point of view, it is important that korormicin is a narrowly targeted inhibitor of NQR, as it had no effect on Na + -independent NADH oxidase (NADH:menadione reductase) activity (Nakayama et al. 1999) .
To evaluate korormicin as a potential antibiotic targeting NQR, its effects on the growth of the NQR-possessing obligate intracellular parasite, Chlamydiae trachomatis, was studied in cell culture. The choice of an NQR-possessing pathogen for this study was based on the following considerations. (i) Similar to all chlamydial genomes, the genome of C. trachomatis encodes a complete Na + cycle with Na + -NQR as a major SMF generator. A model of chlamydial infection that we forwarded previously predicted that the Na + cycle is crucial for the infectious cycle of Chlamydiae and inhibition of Na + -NQR should invariably disrupt it (Dibrov et al. 2004) . (ii) Chlamydiae are ubiquitous bacterial pathogens (Schachter and Dawson 1978) . They cause a plethora of diseases ranging from trachoma to vaginitis (C. trachomatis) to bronchitis and pneumonia (C. pneumoniae). Most people are infected by C. pneumoniae at least once during their lifetime with a very high probability of re-infection (Graystone 2000). In addition, a body of data supports the notion of an association of C. pneumoniae with cardiovascular diseases, including atherosclerosis (Hu et al. 1999; Graystone 2000; Hirono et al. 2003) . (iii) Due to their unusual life cycle (as obligate intracellular parasites), chlamydial infections are notoriously difficult to treat, requiring repetitive long-term courses of antibiotics (Schachter and Dawson 1978; Ewald and Cochran 2000; Graystone 2000; Deniset and Pierce 2005) . (iv) Last but not least, monitoring the chlamydial infection in animal cell cultures provided an opportunity to assess the efficiency of an applied NQR inhibitor under these conditions, which is somewhat closer to an actual infection as opposed to standard in vitro tests of antibiotic activity. A more detailed discussion of the peculiar biology of Chlamydiae in its relation to the Na + cycle and of the role of NQR in the infectious process can be found in the study by Dibrov et al. (2004 Dibrov et al. ( , 2017 . Although korormicin was effective against C. trachomatis when added at a concentration of 10-20 μM, it also had a significant cytotoxic effect (Dibrov et al. 2017) . The epoxy group of natural korormicin (Fig. 4B ) may be the most probable source of its toxicity. An oxirane ring is known to react with amino-, hydroxyl and carboxyl groups as well as inorganic acids to yield relatively stable compounds. Delayed and immediate epoxy dermatitis has been reported (Jolanki et al. 1994) . Other target organs include the central nervous system, the lungs, the kidneys, the reproductive organs, the blood and the eyes. Certain epoxy compounds have mutagenic potential (i.e. it is potentially carcinogenic) (Weil et al. 1963) . The cytotoxicity of korormicin and its potential carcinogenicity preclude the use of this natural antibiotic in humans. Yoshikawa et al. (2003) isolated five minor korormicin derivatives (8% or less of the major form) from extracts of the same marine bacterium Pseudoalteromonas sp. F-420. Their structures differed from the original korormicin (Uehara et al. 1999; Kobayashi, Nakayama and Yoshida 2000) insignificantly by the length of the hydrophobic 'tail' or aliphatic radical at C5 of the γ -lactone ring (Yoshikawa et al. 2003) . In 2014, five more structures were isolated by Tebben and co-authors from the pigmented algal symbiont Pseudoalteromonas str. J010 (Tebben et al. 2014) . Of note, in some of these compounds, the epoxide at C9 -C10 was substituted by a double bond between C9 and C10 or by a combination of the hydroxyl group at one carbon with either chlorine or bromine at another one (Yoshikawa et al. 2003; Tebben et al. 2014) . All these minor analogs showed anti-bacterial activity similar to the original korormicin against marine Vibrios growing on agar plates (Yoshikawa et al. 2003; Tebben et al. 2014) . Nomenclature suggested by Tebben et al. (2014) denotes them from korormicin A (the major form originally discovered by Yoshikawa et al. 1997) to korormicin K (double bond instead of epoxy group) (Tebben et al. 2014) . The structures of korormicins A-K are presented in Fig. 5 .
It should be stressed here that the original korormicin remains the only compound thoroughly characterized in vitro, both in membrane vesicles containing NQR and in preparations of isolated enzyme. At present, it is not quite clear whether korormicins B-K are intermediates and/or side products of the korormicin A biosynthetic pathway. It is also conceivable that these minor analogs are bona fide metabolic end products, perhaps with biological functions distinct from or additional to the protection of the algal host from pathogenic Vibrios (see Tebben et al. 2014 and references therein for the details of biology of Pseudoalteromonas str. J010). In this review, we shall retain the term 'korormicin' for korormicin A.
Synthetic furanone inhibitors
Despite the clear cytotoxicity of korormicin, it has two very appealing features as an anti-NQR inhibitor: the impressive affinity to its target and its mode of action. Indeed, as was mentioned above, the hyperproduction of ROS by NQR together with the uncoupled NADH oxidation and reduction of ubiquinone may potentate a primary anti-NQR effect of the applied inhibitor, resulting in rapid oxidative inactivation of the enzyme.
A redesign of the structure of korormicin may result in a compound that is more suitable for medical purposes. The goal was to, first, eliminate the cytotoxic effect of natural korormicin. The epoxy group, as a most probable source of toxicity, was removed from the structure. Data by Tebben et al. (2014) also suggested Tebben et al. (2014) is used. Korormicin A (Uehara et al. 1999; Kobayashi et al. 2000) is the major form of natural antibiotic refered to as 'korormicin' in this review. Korormicins B-F were first reported by Yoshikawa et al. (2003) ; korormicins G-K by Tebben et al. (2014) . Note that the three major structural variability points are (1) length of aliphatic R1 and R2, (2) saturated/unsaturated γ -lactone ring and (3) the presence/absence of the epoxide at C9 -C10 . See the text for further comments.
that this group is not necessary for anti-bacterial activity. Second, it was also hypothesized that the membranes of a human cell might scavenge natural korormicin due to its very long hydrophobic 'tail', so that only traces of added antibiotic would probably reach its intended target (chlamydial NQR). This would be expected to significantly reduce the efficiency of korormicin in situ as well as in cell culture. To reduce this unwanted effect, the aliphatic 'tail' of korormicin was shortened from 11 to 7 carbon atoms. This approach yielded a compound, named PEG-2S (Fig. 4C) , which is currently serving as a structural platform for the further optimization of NQR inhibitors (Dibrov et al. 2017) .
In cell culture models, PEG-2S exhibited considerably better anti-chlamydial activity than korormicin (IC50 of ∼0.7 μM vs ∼3.0 mM for natural korormicin) (Dibrov et al. 2017) . Importantly, in contrast to korormicin, PEG-2S also had no cytotoxicity (Dibrov et al. 2017) . Furthermore, PEG-2S maintained the high selectivity characteristic for korormicin for benign gut micorflora. Added at 10-20 μM concentrations, PEG-2S did not affect the growth of NQR-negative representatives of the benign gut microflora, such as Escherichia coli, Enterococcus faecalis and Lactobacillus casei (Dibrov et al. 2017) . Importantly, it did not affect the growth of Gram-positive Clostridium difficile (Dibrov et al. 2017) which possesses the ancestral form of NQR, RNF (Reyes-Prieto et al. 2014) . Although RNF does contain a subunit RnfD, which is homologous to the NqrB (targeted by korormicin), the Gly140 residue conserved in NqrB is absent in RnfD (Reyes-Prieto et al. 2014 ). This residue is implicated in the binding of korormicin (Reyes-Prieto et al. 2014) and, therefore, these data with PEG-2S suggest that it is similarly critical for the capacity of PEG-2S to act as an inhibitor of NQR.
It should be mentioned that the work on PEG-2S started well before the crystal structure of Na + -NQR became available. The seminal work by Steuber et al. (2014) promises an exciting perspective of using the powerful tools such as co-crystallization of NQR with inhibitors and molecular simulations in order to map a binding site of PEG-2S within NqrB and guide further development of both effective and practical NQR inhibitors.
CONCLUSIONS
The era of conventional antibiotics may be nearing its end (Levy and Marshall 2004; Spellberg et al. 2004; Lewis 2012 Lewis , 2013 Spellberg and Shlaes 2014) . The present crisis was precipitated not only by decades of global misuse of broad-spectrum antibiotics and the resulting proliferation of multidrug-resistant strains (Lewis et al. 2002; Levy and Marshall 2004; Kaye and Pogue 2015; Brown and Wright 2016) , but also by a general approach by the pharmaceutical industry, where a surprisingly limited set of bacterial enzymes/functions was exploited as antibiotic targets (Levy and Marshall 2004; Lewis 2007) . Given the serious limitations of conceivable alternatives such as adjunctive immunotherapy (Casadevall 2006) , the search for non-traditional antimicrobial targets clearly remains the best available option (Spellberg and Shlaes 2014) . A success in this direction has been recently reported by Ling et al. (2015) , who found a novel antibiotic, teixobactin, which targets not a protein but lipids: lipid II (precursor of peptidoglycan) and lipid III (precursor of cell wall teichoic acid) thus blocking cell wall synthesis in Gram-positive pathogens. Importantly, since teixobactin is not targeting any protein, no development of resistance to this compound has been detected (Ling et al. 2015) .
A new paradigm emerging in the field is the research aimed at the development of narrowly targeted, preferably pathogenspecific remedies that will avoid the pitfalls of the currently employed antibiotic-based management of microbial infections (Casadevall 1996 (Casadevall , 2006 Lewis 2013; Spellberg and Shlaes 2014; Brown and Wright 2016) . In this context, primary Na + pumps in bacterial pathogens are particularly interesting as prospective antibiotic targets. The analysis presented in this review advances the possibility that the Na + -NQR may be one of the most attractive candidate targets among all of the known primary Na + pumps for the development of antimicrobials. This postulate is supported by the following reasoning:
1. Na + -NQR is overrepresented in pathogenic species. It is a major primary sodium pump in aerobic pathogens energizing, among other functions, Na + -dependent MDR pumping Mulkidjanian, Dibrov and Galperin 2008; ReyesPrieto, Barquera and Juárez 2014) . 2. Being a functional analog of mitochondrial Complex I, it does not have a mitochondrial homolog in mammalian cells, which makes the development of specific inhibitors free of unwanted side effects ideal. Furthermore, benign bacteria inhabiting the human intestinal tract appear to be NQR negative (Reyes-Prieto, Barquera and Juárez 2014) (excluding uncultivable species that were not yet probed for the presence of NQR). Thus, inhibiting NQR should not interfere with benign microflora, which is involved in a growing list of biological functions. 3. The probable hyperproduction of ROS by the NQR (Steuber et al. 2002) treated with quinone analogs deserves additional attention. It may significantly potentiate the primary effect of the applied inhibitor, leading to (i) more efficient inactivation of the targeted enzyme through its 'self-destruction' by ROS, and/or (ii) local oxidative damage of the pathogen membrane in the vicinity of NQR. This may further minimize any resistance of the NQR-bearing pathogens to the drug. 4. A functional NQR may be directly related to virulence traits at least in some investigated cases even when it is not indispensable for the survival of a pathogen (Vibrio cholerae) (Häse and Mekalanos 1999; Häse and Barquera 2001; Minato et al. 2014) . This suggests an interesting possibility of the development of 'velvet-glove' medications that are not bactericidal but rather corrupt (ideally-stop or prevent) the development of the infectious process (e.g. by inhibiting the export of toxins and/or accessory colonization factors that are dependent on energy provided by NQR functioninig). This would then buy time for the immune system of the patient to deal with the invading microbes. Administering such a remedy, one may hope that the selective survival of slow-growing or dormant persisters (Keren et al. 2004; Lewis 2007 ) that is inevitable in the presence of bactericidal agents could be hindered, if not altogether prevented.
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